a distinct category, the widely-used concept of 'omnivory' is singularly inappropriate with our more detailed approaches and knowledge. For example, the varied diets of bears and pigs are based on fruit, as reflected by dental morphology, in the case of the latter including below-ground plant storage organs, such as tubers, bulbs and roots.
Herein we consider the gastrointestinal adaptations of non-ruminant herbivores; that is, mainly the adaptations of non-ruminant folivores, but with some reference to frugivores and the inevitable contrasts with ruminant folivores. Although there is a unifying herbivorous theme to their diets, and many species (especially primate) eat fruit and foliage (Fig. l) , the complexities of frugivory and folivory are sufficient to supersede the value of 'herbivory'. Among folivores we are concerned mainly with the contrasts between those mammals that break down cellulose by microbial fermentation in an expanded fore-stomach, and those that do so in an expanded caecum and colon (ascending or primitive right colon). It should be noted that this part of the large intestine is towards the end of the fetal mid-gut loop, which differs from the last part of the colon in blood supply, venous drainage and innervation, as well as in development. Thus, the term 'hind-gut fermentation', so widely used in the literature, is inaccurate.
The caeco-colic expansion of rodents, lagomorphs, hyraxes, elephants, sirenians, horses and some strepsirhine primates (such as some galagos, indriids and sportive lemurs) appears to have evolved earlier, in relation to poor-quality foliage. Among haplorhine primates, species such as the howler and gorilla show comparable but more recent adaptations. In elongating and widening a 'tube' the surface area for absorption increases in relation to the volume for fermentation. By contrast, the expansion of the more spherical fore-stomach of macropod marsupials, sloths, peccaries, hippopotami, camels and colobine monkeys, as well as of ruminants, a later adaptation coincidental with the radiation of better-quality angiosperm foliage in the Miocene, is problematic in terms of inadequate surface area in relation to the volume of an expanded 'sac'. A final point for consideration is passage time, whether it relates to food quality or gut size. While caeco-colic fermenters rely on the rapid passage of digesta, fore-stomach fermenters retain the better-quality food for much longer, but, unlike caeco-colic fermenters, they are less able to alter retention time (Langer, 1987) .
Gastrointestinal anatomy
The gastrointestinal tracts of about 200 individuals of eighty mammalian species (forty-two primate species) have been measured and analysed quantitatively in relation to body size (Chivers & Hladik, 1980; Martin et al. 1985; MacLarnon et al. 1986; Stark et al. 1987) . The surface areas of stomach, small intestine and caecum and colon were measured, in relation to absorptive ability; from these measurements were calculated the volumes of each gut compartment, in relation to the fermentative capacity of forestomach or caecum and colon, or both. Each compartment was weighed, giving an indication of differences in muscular activity associated with digestion.
Surface area of the small intestine was found to scale with metabolic body size (Kleiber, 1%1), but larger faunivores had less absorptive area than expected, and larger folivores had more, especially the fore-stomach fermenters (Chivers & Hladik, 1980) . Better resolution was obtained by adding half the stomach, caecum and colon areas to the area of small intestine as a more accurate indicator of absorptive ability (Fig. 2) .
Similarly, the volumes of stomach, caecum and colon, the potential fermenting chambers, were found to scale with actual body size, closely for faunivores with no fermentation occurring; larger frugivores had more voluminous chambers than expected, and larger caeco-colic fermenters even more so, but larger fore-stomach fermenters had smaller chambers than expected (Fig. 3) . The latter can be explained by the absorptive inefficiency of larger stomachs, and so larger animals have relatively reduced volumes despite the elaboration of folds and papillae to increase surface area (Chivers & Hladik, 1980) . Allometric analyses were taken further by Martin et al. (1985) , MacLarnon et al. (1986) and Stark et al. (1987) , using the surface areas for each compartment. Having confirmed that these findings conformed with Kleiber's (1961) Law by scaling with metabolic body size (a slope of 0.75), compartmental quotients were calculated according to deviations from the expected (distance above or below the slope of 0.75, Fig. 4 ) for each species and subjected to multi-variate analysis. Dendograms were found to be too labile, with the addition or subtraction of values, and, although caeco-colic and fore-stomach fermenters were clearly separated, the rest (frugivores and faunivores) were not. By contrast, multi-dimensional scaling was found to be sufficiently robust and informative.
Mammal species separated into a central cluster of frugivores, with outlying groups of caeco-colic and fore-stomach fermenters (both with some compartments larger than expected) and of faunivores (with some compartments smaller than expected) (Fig. 5) .
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Having eliminated the effects of body size, it can be shown that degrees of similarity between species reflect dietary adaptation rather than phylogeny. While the horse is the most distinctive caeco-colic fermenter, and the ruminants show the most extreme fore-stomach elaboration, primates fall in both groups, and, through humans, squirrel and capuchin monkeys, among the faunivores as well. Otherwise, primates form the bulk of the frugivore cluster, with contrasting positions towards the periphery according to the proportions of foliage or animal matter supplements in the diet.
Non-ruminant herbivores Thus, we have a quantitative structural basis from which to discuss herbivory in mammals. Distinctions can be made (but not always easily) between frugivores and folivores and, in t h latter, between fore-stomach (mostly ruminants) and caeco-colic fermenters. Milton (1 980), in distinguishing between frugivorous and folivorous primates and referring to the gradation between them, compares anatomical and behavioural folivores. The relative lack of gut specialization, among primates in particular, confers the abilities to eat fruit, especially seeds, with a more elaborate gut, and to eat leaves, mainly young ones, with a less elaborate tract. Thus, such primates can and do respond very effectively to environmental fluctuations, especially the less predictable ones.
The dietary flexibility of primates contrasts with other herbivores, especially the folivores. Apart from the ungulates, the stomach is elaborated in rodents (e.g., cricetids, sciurids and some caviomorphs), sloths, lagomorphs, some marsupials, sirenians and proboscids and, in most cases the caecum and colon even more so; the tree hyrax (Dendrohyrux), apart from having a much elongated, sacculated stomach, has a pair of extra caeca 200 mm along the colon from the main one (Chivers & Hladik, 1980) .
It is the ungulates, however, which show the most distinctive adaptations, along with a marked increase in body size. Their evolution is well documented and reviewed by Langer (1987) in terms of increasing or decreasing numbers of species in each time period for each continent. This reveals that Perissodactyla (caeco-colic fermenters) peaked in the Eocene and Oligocene outside Africa, with a large secondary peak in the Miocene in North America, and a late, low-key appearance in Africa. Among the Artiodactyla, caeco-colic fermenters flourished in the Eocene and Oligocene of Europe and North America, but then faded out, increasing somewhat in Asia and Africa since the Miocene. Fore-stomach fermenters, by contrast, flourished on all continents from the Miocene (much later in Africa). Today ruminants are expanding everywhere but North America, whereas caeco-colic fermenting artiodactyls are contracting in Europe, expanding in Africa and are in balance in Asia (possibly expanding) and North America (possibly contracting). The caeco-colic fermenting perissodactyls are expanding in Africa, in balance in North America (and Europe), but contracting in Asia.
Despite their specializations, there are distinctive variations within and between species, mainly with regard to food retention time in relation to food quality and body size, as well as in anatomy. Ruminants, for example, are subdivided into (1) 'browsers', of necessity from their small body size seeking higher-quality foods (even fruit, some species exclusively so), (2) 'intermediate feeders' and (3) 'grazers', exlusive folivores of large body size and high biomass, seeking quantity of food rather than quality (Hofmann, 1973; Jarman, 1974 ). An important limiting factor is that the passage of digesta through the ruminant stomach cannot be regulated in the way that it can be through the large intestine of non-ruminants (Langer, 1987) . Fermentation in the caecum and colon of ruminants is likely to be a secondary adaptation (Janis, 1976) accounts for up to 20% of the volatile fatty acids absorbed in some species (N. Tyler, personal communication).
Although they are ecologically similar (perhaps not so similar when studied in detail), the independent evolution of artiodactyls and perissodactyls is based on the former passing high-quality food slowly, and the latter passing low-quality food rapidly through the gastrointestinal tract (Janis, 1976) . Langer (1987) shows that, relative to their body size, while the passage of digesta is rapid through the small intestine of the pig, slowing down markedly in the caecum and colon, in the horse passage is slower than expected through the stomach, but not particularly slow in the caecum. By contrast, in ruminants, after a long stay in the stomach (not so long in sheep) and rapid transit through the small intestine, passage is at the expected rate through the large intestine of cattle (slower in sheep).
In contrasting small and large caeco-colic fermenting ungulates with small and large fore-stomach fermenting ones, Langer (1987) further shows that (1) retention time is shorter in smaller species, especially in non-ruminants, (2) retention time in the whole gut is proportionately longer in ruminants and (3) retention time in the fermenting chamber is longest in ruminants (Tables 1 and 2 ). Furthermore, non-ruminants generally fail to make digestive use of microbial metabolites and cells, relying for their nourishment on the absorption of fermentation products. Janis (1976) refers to the urea cycle in ruminants which boosts, in terms of growth and breeding, the microbial population, in contrast to the lower rate of urea use in non-ruminants, especially the larger ones that are not coprophagous.
In conclusion, smaller folivores eat a higher-quality diet because they need more nutrientskg body-weight per d; so too do fore-stomach fermenters, especially the smaller ones. Fermenting volume is proportional to body-weight, and absorptive area to metabolic body size, but passage time varies according to gut structure. For example, the taenia, haustra and folds of the large intestine of caeco-colic fermenters both retain digesta and vary the balance between retention and passage. Anti-peristalsis is common in the large intestine, but rare in the small intestine, hence the rapid passage through the small intestine of all species. Digestion and absorption are much more thorough in fore-stomach than caeco-colic fermenters.
Caeco-colic fermentation (or non-ruminant folivory) has been related to the earlier evolutionary efforts to exploit lower-quality foliage. It is perhaps a reflection of the versatility of the system, despite its lower efficiency in some respects, that non-ruminant folivores, with a much broader taxonomic base, have not been eclipsed by ruminants. 
